Entropic Force Scenarios and Eternal Inflation 
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We examine various entropic inflation scenarios, under the light of eternality. After describing 
the inflation realization and the normal condition for inflation to last at the background level, 
we investigate the conditions for eternal inflation with the effect of thermal fluctuations produced 
from standard radiation and from the holographic screen. Furthermore, we incorporate stochastic 
quantum fluctuations through a phenomenological, Langevin analysis, studying whether they can 
affect the inflation eternality. In one-holographic-screen scenarios eternality can be easily obtained, 
while in double-screen considerations inflation is eternal only in the high-energy regime. Thus, from 
the cosmological point of view, one should take these into account before he can consider entropic 
gravity as a candidate for the description of nature. However, form the string theory point of view, 
inflation eternality may form the background for the "Landscape" of string/M theory vacua, leading 
to new perspectives in entropy gravity. 
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I. INTRODUCTION 



After almost three decades of extensive research, infla- 
tion is now considered to be a crucial part of the cosmo- 
logical history of the universe [l| , having affected indeli- 
bly its observational features. The inflation paradigm, 
in conventional as well as in higher dimensional frame- 
works 0t3|i ^^'^ successfully solve theoretical problems 
such as the flatness, the horizon and the monopole ones, 
and moreover it provides the right behavior of primor- 
dial fluctuations with a nearly scale- invariant power spec- 
trum. 

One important issue that has to be encountered in in- 
flationary cosmology is that of eternalityjthat is whether 
inflation has a beginning and/or an end (5|, |6| . In general 
there are two different points of view for its incorpora- 
tion. From the cosmological side a picture that there 
are always parts of the universe that inflate and parts 
that have exit inflation, like our own observable universe 
part, in a procedure without beginning, offers a way out 
from the singularity [7|, |8| and transplanckian [9| prob- 
lems. However, in order for such a procedure to be the 
case in Nature, one still needs to find a mechanism that 
can lead areas of the universe of non-zero measure to exit 
inflation, since in our "local" part inflation has obviously 
ended. We stress that these parts must be of non-zero 
measure since a minimal requirement that inflation has 
to end at least in one part amongst infinite eternally in- 
fiating areas, leads to an intense fine-tuned and anthropic 
description of Nature [1^. On the other hand, from the 



String Theory point of view, eternal inflation may form 
the background for (or be formed by) the "Landscape" 
of string/M theory vacua [Tl[ , induced by flux compact- 
iflcation [12] or other mechanisms [ij, [ij], that is for 
the existence of a huge number of possible (false) vacua. 
Thus, from this point of view inflation eternality has an 
additional reason of being a desirable feature of a cos- 
mological theory, and furthermore one does not need to 
worry so much about the inflation exit, since it is ade- 
quate for it to be realized in only one area of the universe 
(equivalent of choosin g a speciflc vacuum along a land- 

500 



scape of ^ 10 ones |14|). 

Recently, an extended holographic picture was sug- 
gested by Verlinde [15|, in which gravity is no longer a 
fundamental theory, but emerges from a statistic effect 
of a holographic screen (a similar scenario was discussed 
by Padmanabhan in [l6|, based on the earlier consid- 



erations of |17|). Such an "entropic" origin of gravity 
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was based on the holographic principle, conjectured as 
a signiflcant property of quantum gravity, stating that 
physics of a volume of space is encoded on its boundary, 
such as the gravitational horizon ^M,- Although there 
is a controversy in the foundations of entropic gravity 
itself [13 , the idea is very interesting and the cosmologi- 
cal implications of its various scenarios were extensively 
studied in the literature. Besides the original formula- 
tion (see [20] and references therein), people proposed 
various inflation models of which inflation was assumed 
to be driven by one or two holographic screen(s). In one- 
screen inflation model, the holographic screen acts as a 
boundary term in the Einstein equation, which can force 
the universe to accelerated expansion even if the uni- 
verse is radiation-dominated |2li |. In two-screen model, 
an "inner" Schwarzschild screen was added inside the 
holographic screen, which made the inflation realization 



easier (22|, |23| . Additionally, there are many other impli- 
cations of entropic gravity, such as to explain late-time 
acceleration [2J, [25| and to incorporate black holes |2a] . 

In the present work we focus on the eternality issue of 
inflation realization in the various entropic scenarios of 
the literature, both at background and fluctuation lev- 
els. In particular, we examine on what conditions infla- 
tion can be eternal, and whether its eternality can be 
prevented by stochastic quantum fluctuations. The plan 
of the work is as follows. In section |II] we briefly review 
Vcrlinde's basic entropic gravity formulation. In section 
mil we examine the eternality for single-screen inflation 
scenario, while in section ITVl we study the case of double- 
screen inflation model. Finally, section |V] is devoted to 
the summary of the results. 

Lastly, we mention that in the whole manuscript in 
order to simplify the symbolism we set the light speed c 
and the reduced Planck h and Boltzmann fc^ constants 
to 1, but we keep the Newton's constant explicitly for 
clarity. 



The above simple analysis can be straightforwardly 
generalized to the full relativistic case. The natural 
generalization of Newton's potential is = ilog(^°^a), 
where ^" is a global time-like Killing vector ^, and the 
exponential e"^ represents the redshift factor that relates 
the local time coordinate to that at a reference point with 
= 0, which we will take to be at infinity. One considers 
a holographic screen on a closed surface of constant red- 
shift 0, enclosing a certain static mass configuration with 
total mass M [1^. Due to equipartition M = ^ J^ TdN , 
where the Unruh temperature now writes as 






(5) 



Therefore, for the total mass we obtain AiiGM = 
Je e'^Vcj) ■ dA, or expressed in terms of the Killing vec- 
tor: 



M 



1 



SttG 



dx''^dx''eabc<N'S.'' . 



(6) 



II. VERLINDE'S BASIC SCENARIO 

The basic ingredient of Verlinde's idea is that the 
boundary physics can be described by thermodynamics 
satisfying a holographic distribution, where the number 
of degrees of freedom on this holographic screen is pro- 
portional to its area, that is 



dN 



dA 
"G ' 



(1) 



where G is the Newtonian gravitational constant. Thus, 
the classical holographic entropy on this screen is given 
by 



Si,^-^ = 



4G G 



(2) 



where r;, is the radius location of the boundary surface 
S. Variation of energy with respect to the radius will 
provide the entropic force [15|: 



F, 



dE 
dr 



^t\ 



-27r 



G 



(3) 



in which T^ is the temperature of the boundary of the 
system. Finally, due to the Unruh effect (when a test 
particle with mass m is located nearby the holographic 
screen the variation of the entropy on this screen with 
respect to the radius takes the form ^ = — 27rTO) the 
above force yields an entropic acceleration a,, of the form 



Thus, expressing the total mass in terms of the energy- 
momentum tensor we result to the Einstein equations, 
namely 



Tab-\Tgai\n-i''dV= ^ 



47rG 



Rabu'^edV , 



(7) 

where S is the three dimensional volume bounded by the 
holographic screen S and ?i° is its normal. Since this 
relation can hold for all appropriate Killing vectors and 
for arbitrary screens [l5| . it is sufficient in providing the 
full Einstein equations. 

The above formulation of gravity as an entropic force, 
which could therefore lead to descriptions of the inflation- 
ary as well as the dark energy epoches, is quite general. 
Nonetheless, one still needs to construct more precise 
and detailed models in order to proceed to a quantitative 
analysis of various cosmological eras. Concerning infla- 
tion, which is the subject of the present work, we stress 
here that the entropic origin of gravity itself is consistent 
with both finite or eternal behavior, similar to the case 
of standard gravitational theories. Thus, the eternality 
subject has to be examined in each explicit inflationary 
model separately, since it depends on the details of each 
scenario. This is performed in the next two sections. 



III. THE SINGLE-SCREEN MODEL 

Although the qualitative features of inflation in the 
entropic context were discussed in [28|, the first explicit 



Qe = = 2TTTb 

m 



(4) 



Note that the corresponding entropic pressure is negative 
Pe — ^ ~ ^Jg?'' ^^'^ ^^ ^^ ^^ expected to realize an 
accelerating process of the universe. 



^ Note that in the present manuscript we follow the (-I-, — , — , — ) 
metric signatures, and thus in the above definition wc have in- 
verted the sign inside the logarithm comparing to the original 
expression in llSll . 



quantitative inflation model was proposed in [2l|. The 
basic ingredient of this model is that acceleration is 
driven by an additional surface term in the Einstein's 
equations, which comes from the Holographic screen as- 
sumed by Verlinde. In this section, after briefly review- 
ing the model, we firstly examine the condition for in- 
flation to last classically, then we study its eternality in- 
corporating thermal fluctuations, and finally we perform 
a detailed Langevin analysis, as a first approach to the 
stochastic quantum effects. In the following we assume 
a flat Friedmann-Robertson- Walker (FRW) background 
geometry with metric 



ds^ = dt^ - a'^{t) Sijdx'dx^ 



(8) 



where t is the cosmic time, x* are the comoving spatial 
coordinates, and a{t) is the scale factor. We also intro- 
duce the Hubble parameter H = d/a, with a dot denoting 
differentiation with respect to t. 

In single-screen inflation model, one of the two Fried- 
mann equations reads 



a 6 



C'hH 



where Ch and C^j are dimensionless coefficients, which 
are expected to be bounded by Ch < 1 and < C^ < 
3/47r according to the authors who first constructed the 
scenario [21|^. Moreover, taking into account higher or- 
der corrections to the entropy, the above relation be- 
comes: 

- = -^{p + 3P) + CHH' + CHH + g-H\ (10) 
a S n 

where the dimensionless factor g incorporates the effec- 
tive number of independent degrees of freedom which is 
dimensionless (note that since we have set c = h = ks ~ 
1. GH^ is dimensionless and thus all the formulas have 
are homogeneous in units). On the other hand, the sec- 
ond Friedmann equation writes as 



H' 



SttG 



ChH -|- Cj^fH 



■'H^ 



(11) 



Amazingly enough, the combination of (fTO)) and (|Tl]) pro- 
vides us the modified second Friedmann equation inde- 
pendent on Ch and C^, namely 



H = -4:TtC {p + P)+ g—H^ 

IT 



(12) 



^ We mention here that the same authors, when they apply the 
same scenario in the late-time accelerated epoch instead of infla- 
tion, they use a different lower limit for Ch |24|. |29|| . Although 
this behavior would require an explanation by those authors, for 
the purpose of the present work the lower limit of Cj] is irrele- 
vant, since only the sign of Ch — 1 plays a role, that is its upper 
limit, which is always 1 in all works. 



Moreover, differentiating pT|) with respect to t and ig- 
noring the higher order derivative of H under slow-roll 
approximation, we have the continuity equation: 



P + 3H(1-Ch)(p + P) = 0, 



(13) 



(note that this relation can be viewed as originating 
from the well-known generalized conservation equation 
in which matter exchanges energy with vacuum). Fi- 
nally, the expression for the entropic pressure that drives 
inflation is: 



P_ - .H^^gGH^ 



(14) 



where we have introduced the critical energy density 
Pc = 3H^ /{8ttC), with the subscript denoting the 
present-day value of a quantity. Clearly, when gH'^/n ~ 
Att{p + P), which in the case of relativistically high en- 
ergies becomes gH /tt = Wirp/S, we acquire H = and 



(9) thus a de-Sitter expanding phase can be obtained [21 



Before proceeding to the investigation of the eternal- 
ity issues of the model at hand, let us make some com- 
ments. Firstly, note that the last two terms in Friedmann 
equation (fTTj) can be viewed as an "effective" inflation 
part, which can drive acceleration. Straightforwardly, 
the same equation can also be applied to the dark-energy 
epoch, that is to explain the late-time acceleration, as 
it is done in the so-called "running cosmological con- 
stant" scenarios [3J, [S^l (though from a different ideolog- 
ical point of view) . In this approach the time-dependent 
part of the effective cosmological constant A{t) can be 
made to be ex H^, which is similar to the case at hand 
except for the H term. However, and more importantly, 
A(t) should also contain a non-vanishing constant addi- 
tive term, in order to fit the combined observational data 
[35J . This is a disadvantage of the present model, since 
one should provide an explanation for the modification of 
Friedmann equation (|lip between early and late times, 
in order to acquire a realistic model"^. In the same lines, 
as it was mentioned above, one could put into question 
the bounds Ch < I and < C^ < 3/47r [2l| that the 
authors give for their model. In summary, the one-screen 
model examined here seems to have ambiguities concern- 
ing the correct quantitative behavior. Clearly one could 
study a generalization, including a constant term in (fTTI) , 
or abandon the aforementioned bounds in the model pa- 
rameters. However, in the present work we prefer to re- 
main in the original version of the scenario, and examine 
it under the eternality point of view, instead of trying to 
improve it first, which could be the subject of interest of 
a separate work. 



We thank an anonymous referee for pointing this out. 



A. Inflation Eternality: Background Analysis 



for the inflation to be eternal as: 



Let us now discuss the inflation eternaflty realization 
in one-screen entropic scenario. Firstly we have to de- 
termine the condition for a global inflation exit, that is 
with no part of the universe going on inflating. In the 
scalar-field driven infiation models this is just the slow- 
roll condition. In the scenario at hand there is no field 
slow-rolling, however we can still use the definition of the 
"slow- roll" parameter e = —H/H^, and thus the condi- 
tion for inflation lasting remains e ^ 1 (this condition 
arises from the definition of inflation and thus it is model- 
independent), or equivalently 



H + H^>0 



(15) 



Starting from equations PH)) and pT|) and assuming 
that the universe is filled with radiation (P = p/3), we 
can eliminate p and obtain an equation with H(t) only: 



H{t){l - 2Ch) = 2{Ch - l)H^ + g^H* 



(16) 



Using this equation, condition (|15p imposes a constraint 
on H{t), namely: 



H> 



[2C^ - 1 + 2(1 - Ch)] 



gG 



(17) 



In summary, as long as Hit) is larger than the value 
of the right-hand-side of the above condition, infiation 
will not globally exit, and thus we obtain its eternality 
realization at the background level. Taking into account 
the allowed intervals of the parameters, we deduce that 
this condition can be easily fulfilled. However, one must 
also investigate the role of fluctuations generated during 
inflation, on the eternality condition. This is performed 
in the next subsections. 



5tp > 6cP, 



(18) 



where 5tp is the thermal fluctuation generated during in- 
flation. We desire to emphasize that this condition looks 
siinilar to the well-known condition for eternal inflation 
driven by scalar fleld [y]: Sqcj) > ScCJ) ^, but the difference 
is that in that case fluctuations comes from the quantum 
behavior of the scalar field. From this comparison one 
can see that our condition is very reasonable, too. 

Using P^ and the Friedmann equations pU)) and pT|) , 
we can express the classical change of the energy density 
ScP as 



ScP 



3(1 - Ch)H^ 
27rG(l - 2C 



H' 



(1 „ Ch) - ^GH' 



, (19) 



where we have also made use that p = —4:Hp{l — Ch) (a 
relation that holds for radiation-dominated universe) is 
always negative. On the other hand, the thermal change 
6tp can be estimated through its correlation function in 
position space, namely Stp — ^JiSfF), with the relation 



(<5p2)=Cv(i?)|^, 



(20) 



where Cv{R) = d{E)/dT is the heat capacity in a sphere 
of radius R. Usually two kinds of thermal fluctuations 
could be taken into account, namely thermal particle fluc- 
tuations from normal radiation inside the bulk of the uni- 
verse, and holographic fluctuations froin the boundary 
screen. According to different fluctuating mechanisms, 
the condition for eternal infiation will certainly be differ- 
ent. Thus, in the next two paragraphs we will investigate 
both of them separately. 



Normal radiation 



B. Condition for Eternal Inflation: 
Fluctuation Analysis 



Thermal 



In the previous subsection we investigated the back- 
ground evolution, extracting the corresponding condition 
for inflation lasting in the whole universe. Here we ex- 
amine the role of thermal fluctuations. Note that dur- 
ing inflation, the universe will expand to nearly e^ « 20 
causally independent Hubble-sized regions in one Hub- 
ble time At sa H~^. In any of these regions the energy 
density will be decreased by ScP = |p|At sa \p\H~^, how- 
ever this may be corrected when wc take into account 
the fluctuations. In particular, if there is non-zero prob- 
ability that there exist regions of the universe where the 
fluctuations are bigger than the corresponding classical 
change, then in these regions inflation will be eternal, de- 
spite the fact that in the other regions inflation will have 
end [6[ . In a holographic swtem, the fluctuations is gen- 
erated in a thermal way [21[, so we define the condition 



The energy density of normal radiation inside the bulk 
of universe can be written as 12 ill 



Ptr = ^ag{T)T^ 



(21) 



where g{T) = Ahg is the effective number of degrees of 
freedom at temperature T. The subscript "tr" stands 
for "thermal radiation" . Thus, from the heat capacity 
definition we acquire 



Cv = 960TTgaRl^T^ 



(22) 



where Rtr is the correlation length of radiation fluctu- 
ations, given as usual from Rtr = Cg/H, with c, the 



■* Note that the condition for eternal infiation in case of non- 
commutativity or non-minimal coupling has also been discussed, 



see 



imutativity o 
[lOl and \m 



respectively. 



sound speed of the radiation. Therefore, we get the 
folfowing thermal fluctuation of the system: 5tp\^^ = 
,y960ngcrT^/Rl. Setting T = H/2n as the Gibbons- 
Hawking temperature, we finally obtain 



StpL = ^1 



/ 30gg ^4 



(23) 



From (|19p and ([23|) we can see that in single-screen 
model, the condition for eternal inflation p^ with nor- 
mal radiation fluctuation has the form: 



1 



''''H^>^^^.^M^[il-C,)-'-^GH^] 



27rG(l - 2Cjj) 
which gives the constraint on H 



H> 



/3^(1 - Ch) 



2(1 - 2Cjj)cs ' V30^ + 3(1 - CH}9Cfj 



(24) 

Finally, we mention here that ([24]) has to be considered 
along with (|17p in order for inflation to be eternal, since 
when inflation globally exits, there will be no eternal in- 
flation. Thus, if the right-hand-side of (|24|) is larger than 
that of (HZ]), which depends on the parameter choice, 
we can take ((24| as eternality condition safely, while if 
it is not, ([TT]) should be taken as the eternal condition. 
Again, we can see that the eternality conditions can be 
easily fulflUed. 



2. Holographic screen 

Now we focus on the case that the thermal fluctuation 
is produced holographically. The number of (flnite) de- 
grees of freedom on the boundary screen is proportional 



J 



to the surface area ~ ^^g, where Rhs is the correlation 
length and "hs" stands for "holographic screen". The 
energy of each degree of freedom is roughly the temper- 
ature of the screen T in thermal equibrilium, thus the 
total energy of the holographic screen is (E) ~ Rf^^T/G, 
and the heat capacity Cy ~ CvR\g/G where c^ is a con- 
stant of the order of 0(1) determined by the detailed mi- 
croscopic quantities of quantum gravity. Therefore, (|20p 
gives (5tjo|^, — Tyjcy/G/R\^, and setting Rhs — ^/H and 
T = H/2tt [23| we finally obtain 



^tP\,,s 



G 2tt 



(25) 



From ([TO)l and (|25p we deduce that in single-screen 
scenarios the condition for eternal inflation (|18p . under 
holographic fluctuations, becomes: 



G 2tt 



> 



3(1 - Ch)H^ 



27rG(l - 2Cjj) 
which gives the constraint on H 



(1 - Ch) 



Ch9 



GH^ 



H> 



7r(l - 2C^) 



65^^(1 - ChWG 



36.gC^(l-CH)3 




7r(l - 2C^y 



(26) 

and both (pS)) and (|17p have to be taken into account 
for the same reason mentioned at the end of the above 
paragraph. 

Before closing this subsection we have to make the fol- 
lowing comment. In the above two paragraphs we cal- 
culated separately the thermal fluctuations from normal 
radiation and from the holographic screen, and we gave 
the corresponding conditions for eternal inflation, namely 
relations (|24| and ([26)) respectively. However, although 
these are two independent mechanisms, they can exist si- 
multaneously and thus lead to a combined effect, namely 
^tp\tr- + 'JtPl/is > ^cP- This forces H[t) to satisfy: 



H> 



7r(l - 2C^)^+ W7r2c„(l - 2C^)2 + 12^(1 - Ch? 2(1 - 2Gh)cs "''\/30^+ 3(1 - Cff)<?C^ 



^-3/2 



2y/G 



-3/2 



2(1 - 2C^)cs ^^"730^+3(1 - Gh)9G^ 
I 



(27) 



for eternal inflation. 



C. Effects from Quantum Corrections: Langevin 
Analysis 

In the previous subsection we investigated the condi- 
tions for eternal inflation involving thermal fluctuations 
generated both from normal radiation and holographic 
screen. Here we examine the backreaction of the metric 



and the quantum fluctuations on the background space- 
time, in order to see whether it can prevent inflation from 
eternality. In particular, we proceed to an indirect inves- 
tigation of quantum fluctuations and incorporate them 
as a stochastic effect, without caring about their speciflc 
microscopic origin. Such an approach covers all possible 
effects of quantum fluctuations at the phenomenological 
level, as is used in many cosmological systems [3l|, [33| . 

According to evolution equation (|16p and following 
[33| , we formulate the overall cosmological evolution, in- 



eluding the classical motion and the quantum fluctua- 
tions as a stochastic effect modeled through a random 
walk, which can then be described by a Langevin equa- 
tion and analysis. In particular, considering the sys- 
tem being perturbed by micro-fluctuations described by 
a Gaussian white noise normalized as 



be eternal. Actually this result had already been dis- 



{n{t)) = , {n{t)n{t')) ^ 5{t - t') 



(28) 



we can write the Langevin equation for equation (|16p as: 



H{t) = DiH'^ + D2H^ + qsn{t) 



(29) 



where we have defined the coefficients Di = — i_2C ' 

D2 = 7r(i-2C ■ ) ' '^s = \^2C ■ (iiote that according to the 
bounds on Ch, C^, we deduce that Di < and D2 > 0). 
Note also that Di and D2 have dimension of and —2 
respectively. In the stochastic term the coefficient G~^^^ 
is inserted as usual for dimensional reasons, and e is a 
dimcnsionlcss coefficient with rather small value [SSj . 

In equation ([29|) . if the last term on the right-hand 
side is absent we recover the usual equation of motion 
P^ and the system will follow a classical trajectory 
Hc{t). Therefore, we expand H{t) around its classical 
value Hc{t) up to order 0(0^), namely 

H{t) = H,{t) + q,G-^Hi{t)+q^^GlH2it)+0{q^,) , (30) 

where GJ and G^ have been inserted for dimensional 
reasons. Substituting this expansion into (j29p and setting 
the coefficients of the qs-powcrs to zero, we acquire the 
equations 



He 
Hi 
H2 



DiHl + D2Ht, (31) 

2DiHiHc + AD2H1HI + G-^n , (32) 

Di{Hl + 2HcH2) + D2{QHlHl + 4H^H2)(33) 



These equations cannot accept analytical solutions, 
however we can obtain approximate solutions in the limit 
\t/T\ ^ 1 where T ^ H^^, that is performing our cal- 
culation within one Hubble-interval (t ~ H~^) [33[, with 
t = the time where inflation starts, and then we im- 
pose the requirement the stochastic fluctuations to be 
able to stop the eternal inflation. The explicit calcu- 
lations are presented in the Appendix [X] We find that 
stochastic fiuctuations can hardly have any significant 
effect on preventing inflation from eternality caused at 
the background or thermal-fluctuation levels. 

In summary, in this section we obtained the conditions 
for eternal inflation in one-screen entropic inflation sce- 
narios, taking into account two types of thermal fluc- 
tuation productions. As we saw, for general parame- 
ter choices the eternality conditions can be easily ful- 
filled. We also performed a Langevin analysis and we 
found that the quantum-stochastic effects from micro- 
fluctuations can hardly change the behavior, and thus in 
the model at hand inflation has a large probability to 



211, and thus the authors 



cussed in the original paper 
resorted to quantum fluctuations in order to induce the 
inflation exit, but the quantum-fluctuations incorpora- 
tion remained at the qualitative level. However, in this 
section we performed a quantitative analysis and our con- 
clusions seem trustworthy. Obviously the Langevin anal- 
ysis is not a full incorporation of quantum fluctuations, 
which is a relatively unknown subject, but it can pro- 
vide phenomenologically trustworthy results. Definitely 
one could try to incorporate quantum fluctuations dif- 
ferently, paying the price of being model-dependent, but 
our above result seems difficult to be changed. 



IV. THE DOUBLE-SCREEN MODEL 

Single-screen entropic infiation is the simplest model 
inspired from Verlinde's idea, and the scenario is inter- 
esting and totally different from other inflation models. 
However, this scenario presents difficulties in quantita- 
tively describing the thermal history of the universe due 
to the reason that the screen temperature is always much 
lower than that of Cosmological Microwave Background 
(CMB) and thus the universe would be unstable under 
Hawking radiation. In order to alleviate such a prob- 
lem, a double-screen extension was proposed in |22l . |23| . 
In this model, apart from the usual, outer holographic 
screen formed by the the Hubble horizon (or a surface 
near it), an additional "inner" boundary has also been 
introduced, which was considered as the Schwarzschild 
horizon of the whole universe. At early time, both screens 
give rise to mutually competing forces, which drive infia- 
tion, while at late times, when the inner screen evap- 
orates, the remaining outer screen drives the universe 
acceleration. 

The Schwarzschild radius rs is given by 



rs - 2GMt, 



2G 



pdV 



Ah 



SttGp 
3^3i/3 ' 



(34) 



where we have used that the volume of the universe is 
V = 47rr|f/3, with rn = [(iH)^^ the outer screen radius 
and /? a dimensionless parameter quantifying the possible 
divergence of the outer screen from the Hubble horizon. 
Its corresponding temperature is given by 



Ts 



1 



3/33ij3 



SnGMtot 327r2Gp' 



(35) 



and therefore its induced acceleration (with the simple 
entropy form) will be as = 2-kTs, but with direction to- 
wards the inner screen, opposite to the outer one. There- 
fore, in double-screen entropic cosmology the total in- 
duced acceleration is 



2^{TH-Ts)^pHi\ 



3^^\ 
IQ-kGpJ' 



(36) 



with Th = /3H/(2tt), namely it incorporates a compe- 
tition of entropic effects from the outer and the inner 



screens. Taking also the higher order corrections on the 
entropy expressions into account, one extracts the mod- 
ified Friedmann acceleration equation in this scenario as 
MM: 



a 
a 



AttG 



{p + 3p) + fip,H) 



(37) 



with the form of surface function being 



^ ^ 16ttGp) 



, 9hGP*H^ 



An 



10245ff7r3G3p^ 



(38) 



where gn and gs arc the corresponding dimcnsionlcss 
correction coefficients for each boundary. Here we have 
neg lected higher order correction term that appeared in 
[22, I23. The cosmological system will close, as usual, 
by the consideration of the evolution equation of the to- 
tal energy density p. In the case at hand, in which one 
may have flow through the boundaries, the corresponding 
equation is modified as [22, [2^ 



p + iH{p + P) = T , 
with the effective coupling term V being 



r=: 



10247r3G3p^^^ 47rG 



1- 



27f3*H^ 
256^i^GV 



(39) 



(40) 



at classical level. 

Focusing on the early-time universe evolution, and in 
particular on the inflation realization, we assume that the 
universe is radiation-dominated and thus the equation of 
state of the total universe content is P = p/3. Solving 
the equations of motion (|37|) and (|39|) up to leading order, 
one can obtain the following approximate solution for the 
Hubble parameter at early times [2j] 



H' 



SttG 
~3~ 

SttG 



8(5H 



69 



45s)G^^2' 



El 
p 



(41) 



where p = 69 / (8gG^) , with g ~ gn — Ags- An interesting 
property of this scenario is that when g > 0, the Hubble 
parameter is proportional to the energy density at high 
energy scales. Therefore, in this case the p^ term could 
make the early time inflation much easier to be realized, 
comparing to single-screen models. 



order to simplify the expressions we restrict the analysis 
in the high energy regime p ^ p, where inflation is re- 
alized, since when p < p inflation will always end [23|. 
In the p ^ p case the second term in (j^Tj) dominates, 
leading to a linear approximate relation between p and 
H: 



207 H 

64^G372 



(42) 



Substituting this into the second Friedmann equation 
(j37p and considering also the radiation equation of state 
P ~ p/3, we can eliminate p, resulting to an equation 
depending only on H: 



H 



23tt 

1g 



H+{I3'^-1)H^ 



gH^'^rri 9SI3'" g 



47r 



-GH*- 



184 




Thus, condition (jT5)) becomes: 



237r „ T 

-—H + P^H^ 
gG 




f,G^^H\ (43) 



Gm 



In order to be more specific, as an example we consider 
the parameter choice of [22] , that is /3 = -\/2 ^ , gs = and 
.9 ^ 9h = 10^^. Moreover, in the regime where p ^ p, 
the relation (|42]) leads to iJ > v^237r/(gG). Setting 
s = Hy/gG/{23TT) » 1, condition (|44| can be simplified 
as: 



H ( -l + 23s 



1 
23 



45 
529 



>0. 



(45) 



Since s 3> 1, this condition is always satisfied, that is, 
under the approximation p 3> p, the universe will not 
globally exit inflation. Note that this is consistent with 
the result of M- 



B. Condition for Eternal Inflation: 
Fluctuation Analysis 



Thermal 



In the previous subsection we extracted the require- 
ment for inflation lasting at the background level, in the 
case of double-screen scenarios. Here we desire to incor- 
porate the thermal fluctuations, and in particular to ex- 
amine under what conditions the inflation can be eternal. 



A. Inflation Eternality: Background Analysis 

We now focus on the conditions for inflation eternal- 
ity in double-screen scenarios. Similarly to the previous 
section, we consider that inflation will continue as long 
as condition (|15p holds, since it is model independent. In 



This /3 value ensures that at late times, when the Friedmann 
equations become those of GR, that is H^ = SirGp/S, the tem- 
peratures of the two screens will become equal, and thus accord- 
ing to I I36I I the acceleration of the universe caused by entropic 
force will vanish and inflation will exit [22l | . This provides a exit- 
ing mechanism of inflation that is absent in single screen model. 



Similar to single-screen case, we will estimate the change 
in energy density 5tp due to thermal fluctuations arising 
from normal radiation and from the holographic screens, 
and we will compare it with the classical change 5cP- The 
condition for eternal inflation will again be 5tp > ScP- 

Concerning the classical change, things are different 
from single-screen model due to the different background 
dynamics. In particular, using (p9|. (|42|) and p3|) . we 
obtain: 



ScP ~ -TT 



El 
H 



-^iPllLCi - 27/3^//-* N _ 4pi 



2. Holographic screen 

Concerning the holographic production of fluctuations, 
we can consider that it can mainly be produced on the 
outer screen [23]. Similar to the single-screen model, the 
total energy of the screen is {E) ^ Rf^T/G, the heat ca- 
pacity Cv - CyRlJG, and thus Stp\^^ = T^cJC/Rl^. 
Setting Rhs ^ 1/H and T = I3H/2tt (this /3-modification 
is the only difference between the two models) we finally 
obtain 



3iJ2 

S-KGi 



69s-' 



10247r '^G^p^ 
1 

"23 



22 
529 



3s'^ + l} .(46) 



However, concerning the thermal fluctuations, the calcu- 
lations are similar to the single-screen scenario, since the 
mechanisms producing the fluctuations are independent 
of the background. Therefore, in the next subsection we 
study the conditions with both kinds of fluctuation pro- 
ductions. 



1. Normal radiation 
For standard radiation, the energy density writes as 

(47) 






where g^ corresponds to the term 647rcrt/(r)/3 of the 
single-screen model. Therefore, the heat capacity Cy = 
grRfrT^- Setting Rtr = Cs/H and T = [iH /2tt we have: 



Stpl 



i2nfcl 



H^ 



(48) 



Thus, comparing (|46| and (|48l) we deduce that the con- 
dition for eternal inflation reads: 



rtl > 



(27r)5c3 



Gs^ 



69s'' 



1 \ 22 

s H 

23 / 529 



- 3a- 4- 1 



This expression contains higher order term of H and s = 
H ^ gG / {23tt) , and thus since s ^ 1, it can be simplified 
to give a constraint on H{t) as: 



H > 9TTi 



I 23gc3 
2grP^G 



(49) 



Since from this relation one can see that H^ > 
%-K^{22,gcl)/{2grli^G)H - s/G > G'^ and thus H > 
1/vG, eternal inflation can only be realized at a very 
high energy regime. 



Stp\. 



c. /33ij3 



G 2tt 



(50) 



From (|46)l and ([50]) we can see that the eternality con- 
dition (IT51) turns out to be: 



c„ P^H^ 3H^ 



69s-' 



1 \ 22 

23/ ^529 



G 2tt ' SttCs-* 
and in the regime s 3> 1, it can be simplified as: 



3s^ + 1 
(51) 




H^ + 6 
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iJ-3>0. 



3 V 237r / V 237r V 237r 

(52) 
For standard values of the parameters [g ^ G, Cv,l3 ^ 
0(1)) the expression on the left hand side does not 
accept non-trivial real roots, and thus condition (|52p 
is never satisfied. Therefore, we conclude that in the 
double-screen inflation model with the thermal fluctua- 
tions from the holographic screen, the background result 
is not changed. 

Finally, if we desire to take into account simulta- 
neously the thermal fluctuations from standard radia- 
tion and from the holographic screen, that is requiring 
Stp\fr +'^tpLa > 5cP, and under the approximation s 3> 1, 
we result again to (|49)) since the holographic fluctuation 
5tp\^, cannot have any contributions on eternal inflation. 
Thus, this is the total condition for eternal inflation, tak- 
ing into account the thermal effect of fluctuations. 



C. Effects from Quantum Corrections: Langevin 
Analysis 

In the previous subsections we extracted the require- 
ment for eternal inflation in double-screen scenarios with 
both types of thermal fluctuation productions. Similar 
to single-screen case, in the present subsection we incor- 
porate the micro-fluctuations, and we examine whether 
they can prevent eternal inflation. In particular, we per- 
form a Langevin analysis in order to formulate the overall 
cosmological evolution, that is the classical motion and 
the quantum fluctuations, as a stochastic effect modeled 
through a random walk. 

According to equation (|33]) we can construct the cor- 
responding Langevin equation as: 



H = GiH 



-C2i?2- 



CsH^ + CiH'^ + CrH^+qdnit) , (53) 



where qd ~ sG "^/^j n{t) satisfies ([28]). and the parame- 
ters Ci{i = 1,2,3,4,7) are: 



C\ 



237r 



C, 




^ 9hP G 

^■4 = -. , L-? 

47r 



with dimensions of 1, 0, —1, —2 and —5, respectively. 
Now, imposing the expansion solution (pO)) (with gs 
g^), we obtain the separate equations 



He 
Hi 

Ho 



CiHc + C2HI + C:iHl + C4He + CrH], (55) 
Cii7i + 2C2H1HC + SCsHiH^ + ACiHiHl 
+lC7HiHl + G--in, (56) 

CiH2 + C2{Hl + 2H2H,) 

+ZG3H,{Hl + H2H,) + 2CiHl[-iHl + 2i?2i?c) 
+7C7Hl{3Hf + H2Hc). (57) 



These equations cannot accept analytical solutions, how- 
ever we can extract approximate solutions in the limit 
\t/T\ ^ 1 with T ^ ^~^, that is performing our cal- 
culation within one Hubble- interval (i ^ H~^) [3J], and 
then we impose the requirement stochastic fluctuations 
to be able to stop a eternal inflation. The explicit cal- 
culations are presented in the Appendix [BJ We flnd that 
although it is very complicated to perform a general anal- 
ysis due to to high non-linearity of the equations, in the 
specific parameter choice of [23| it is still hard for the 
micro-fluctuations to have a significant effect on prevent- 
ing inflation from its eternality. 

In summary, in this section we extracted the eternality 
conditions for inflation in double-screen entropic scenar- 
ios, with thermal fluctuations induced by normal radia- 
tion and holographic production. As we saw, inflation is 
eternal in the high-energy regime. Furthermore, we con- 
sidered the quantum corrections from stochastic effects 
by performing the Langevin analysis, which were shown 
to hardly prevent the inflation eternality. On the other 
hand, in the low-energy regime, inflation is globally exit 

m. 



V. CONCLUSIONS 

In this work we examined entropic cosmological sce- 
narios, under the light of inflation eternality. Going be- 
yond Verlinde's basic idea, which cannot describe infla- 
tion quantitatively, we considered both the single-screen 
entropic inflation model j2l| . in which the holographic 
screen acts as an additional boundary term, as well as 
its double-screen extension [22|, [2^, where one adds a 
second, inner holographic screen. In particular, after 
describing the inflation realization, we examined under 
what conditions the inflation is eternal, taking into ac- 
count both the background evolution and mechanisms 



of thermal fluctuation production. Furthermore, we in- 
corporated quantum fluctuations through a phenomeno- 
logical, stochastic, Langevin analysis, and we examined 
whether they can prevent the inflation from eternality. 
Although the Langevin analysis is not a full incorporation 
of quantum fluctuations, which is a relatively unknown 
subject, it can provide phenomenologically trustworthy 
results. 

After describing the inflation realization and the nor- 
mal condition for inflation to last at the background level, 
we discussed about its eternality at the thermal fluctua- 
tions level. Firstly we defined the general condition for 
eternal inflation as Stp > ScP, which is very natural com- 
pared to the well-known relation of scalar-fleld-driven in- 
flation. In the case of one-screen scenarios, we extracted 
the conditions for eternal inflation with fluctuations from 
normal radiation and holographic screen, ([M)) and ([25)) 
respectively, which should be considered with p7|) . These 
eternality conditions can be easily fulfllled for general pa- 
rameter choices. In the case of double-screen model, we 
found that in high energy region when p ^ p and infla- 
tion is always going on, the condition for eternal inflation 
with radiation fluctuation remains (|49p . while for fluctu- 
ation produced by holographic screen, eternal inflation 
is not affected. Finally, after performing Langevin anal- 
ysis, we found that it might be hard in either of these 
two scenarios to prevent eternal inflation by stochastic ef- 
fects, unless severe fine-tuning the parameters. As a side 
remark, however, we recognize that since the Langevin 
analysis is still a random walk simulation instead of a 
complete calculation of the quantum fluctuations, there 
could still be some ambiguity in the validity of this result, 
which deserves more study ^ . 

The above discussion indicates that from the cosmo- 
logical point of view one must be careful with entropic 
origin of gravity, since the induced inflationary dynamics 
must have an exit, at least at some parts of the universe, 
in order to be consistent with observations. It seems that 
one-screen scenarios can easily lead to inflation eternal- 
ity, while double-screen considerations present a better 
behavior. Finally, note that apart from these two mod- 
els, in [3g the authors discussed the case where the holo- 
graphic screen is open and the Brown- York surface stress 
tensor is introduced, while in [37[ noncommutative geom- 
etry was used to describe the microstructure of the quan- 
tum spacetiine of entropic gravity. It would be interesting 
to investigate inflation realization in such scenarios, and 
then focusing on the eternality issues, examining whether 
the above behaviors can be improved. 

However, the easy realization of eternal inflation in 
entropic gravity could still be very interesting form the 
String Theory point of view, since it may form the back- 
ground for the "Landscape" of string/M theory vacua, 
that is for the existence of a huge number of possi- 



We thank the referee for also pointing out this for us. 



10 



blc (false) vacua [Ill4l4| . Additionally, it may also be 
worth investigating the probability of tunneling between 
different vacua, either Coleman-De Luccia type [38| or 
Hawking- Moss type [S^]- In order to study these sub- 
jects, the full extension of our Langevin analysis will be- 
come important. Such considerations may lead to new 
perspectives in entropy gravity, and deserves further in- 
vestigation. 



After these definitions we can proceed to the solution of 
the Langevin equations (PT|) - ([55)) . 

In general, these equations cannot accept analytical so- 
lutions, however we can obtain approximate solutions in 
the limit \t/T\ ^ 1 (with T 3> H~^), that is performing 
our calculations within one Hubble-interval (t ^ H~^), 
where f = is the time where inflation starts. In this case 
we can assume an ansatz for the i7c(t)-solution, namely: 
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Appendix A: Solution of the Langevin equations: 
The single-screen scenario 



Hc{t) = Hu 



Ml 



A2(:^ 



(A3) 



where Hh 



H{t 



0). Inserting this ansatz into equa- 

-2 



tion ([5T|) and by rescaling Ai — AiT ^, A2 = A2T ', we 
obtain: 



with 



Hc{t) =Hto + Ait + A2<2 



Hto — 

Ai = 
A2 = 



'15±V57 Di 



28 



Do 



DiHfQ + £'2-ffto ' 
{DiHm + 2D2Hfo)Ai 



(A4) 



(A5) 



Since we are dealing with stochastic variables, we per- 
form the average of any physical quantity by defining 
the statistical measure. In particular, we use the Fokker- 
Planck approach and define the measure to be the phys- 
ical volume of the Hubble patch, and thus the average is 
defined as 



(Hit)), 



{H{t)e 



3N(t) 



o3JV(t) 



Nit) 



H{t')dt' . 



Since the Hubble patch that is eternally inflating will 
have an exponentially larger physical volume, taking the 
largest weight in the average at late times, the physical 
volume can be a good measure to characterize eternal 
inflation. Therefore, the average {H{t))p could be sig- 
niflcantly changed by stochastic fluctuations if eternal 
inflation is realized. Furthermore, we shall use the func- 
tional technique developed in [33 and deflne a generating 
functional 

WtM = ln(e*^*[^l) , Mtifi] = / ii{t')H{t')dt' . 



Thus, {H{t))p can be evaluated by functionally differenti- 
ating Wt[/z] with respect to ^ and setting /i = 3, resulting 
to the following equations up to 0(^5): 



(Hit)), 



swM 



Sfiit) 
(Hit)) 



m(*)=3 



{{H(t)H{t')))dt\ (AI) 



{{H{t)H{t'))) = {H{t)H{t'))-{H{t))p{H{t'))p.{A2) 



where we remind that Di = — i-^c" "^ ^ ^^'^ ^ 



gG 



—r, — „^ X > 0. Note that Ai 2 have dimensions of 1, 
while Ai and A2 have dimensions of 2 and 3, consistently 
with the dimensions of Di and D2 as stressed before. 
One could also check that this leads to Ai < 0, which is 
asymptotically quintessence-like inflation. 

Thus, knowing the solution Hc(t), we can acquire so- 
lutions of Hi{t) and H2{i) as 



Hi{t)^huE{t)\l 
ft 



1 



G^^hu Jo 

H2{t)^E{t) [ A{t)H^E-\t')dt' 
Jo 



n{t')E~\t')dt'}{A6) 



(A7) 



where for convenience wc have defined E{t) = 
^S'„{2D^H,+AD._Hl)dt' ^^^ ^(^) ^ D1+6D2HI Note that 
we have taken the initial condition for the first-order cor- 
rection of Hubble parameter to be hu, while initial con- 
ditions for higher order corrections have been neglected. 
Now, from (|30p we can straightforwardly write 

(ff(t)}= i/c(t) + g.Gl(i/i(i))+<z,'Gi(i72(i)>, and there- 
fore (|A1[) gives 

{H{t))p = Hc{t) + qsCi {Hi{t)) + qlci {H2{t)) 



+3q!G^ J [(i/i(t)J/i(t')> - {H^{t)){H^{t'))]dt' 
= Hto + Alt + qsG-^huE{t) + qld {{H2{t)) + 

[{Hi{t)H,{t')) - {H,{t)){Hiit')}]dt'\ , (A8) 
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where we have used that {Hi{t)) = huEit) and that 

{H{t)){H{t')) = HS)Hc{t') + 

qsCi [Hc{t){Hi{t')) + H,{t'){Hi{t)}] + 

qlGi [{H,{t)){Hi{t')) + H,{t){H2{t')) + H,{t'){H2{t)))] 

The last terms on the right-hand side of (jASP can be 

I 



expressed using 

{H{t)H{t')) = Hc(t)Hrit') + 

qlci [{H^{t)H^{t')) + H,{t){H2{t')) + H4t'){H2it))] , 
and then, using relations (|A6p . (jA7P and ((28|). we obtain 



{H,{t)H,{t')) ^ hlE{t)E{t') 



{H,{t))^E{t) / A{t,)E{t,) 
Jo 



T-it.t') 



hl + G-^ / E~^it2)dh 
Jo 



E-^{ti)dti 



Thus, inserting ()A9P into (jA8| and keeping terms up to 
leading order in E{t) and He we acquire: 

(i/(t))p = Hto + QsGihu+Ait 

+2q,GihuHto{Di + 2D2H^o)t 
WsG^ hf^iDi + 6D2Hfo)t . 

This expression provides the stochastic-fluctuation cor- 
rected Hubble-parameter evolution, namely the first two 
terms on the right-hand side give the classical result, 
while the last term provides the stochastic correction. 
Therefore, requiring the stochastic-fluctuations to be able 
to prevent eternal inflation, we need to impose 

2qsGihuHto{Di + 2D2HI,) + qlGihl,{Di + QD2HI,) < Ai, 

(AlO) 
where Ai is given in (|A5p . This expression provides the 
constraints on the initial condition of stochastic fluctua- 
tions in leading order, namely /iii, as: 



' 1 ri "'It ri '2 1 



(All) 



where 



ri.2 



dU. 



(A9) 



r 



eternal inflation. We mention here that performing the 
calculations within one Hubble interval is a reasonable 
approximation, since the above result will still be valid if 
one considers successively many Hubble intervals. 
Appendix B: Solution of the Langevin equations: 
The double-screen scenario 



In this appendix we solve equations ([55|) - ([57| . using 
also the introductory relations of appendix 1X1 In general, 
these equations cannot accept analytical solutions, how- 
ever we can acquire approximate solutions in the limit 
\t/T\ <S^ 1 (with T ^ H^^). Assuming an ansatz for the 
i^c (i)"Solution as 



Hc{t) — Hto 

= i^to + Sii + Szt". 



^'I.r 



Szl:^ 



(Bl) 



where in the second step we use the similar rescaling as 
was done in Appendix [A] with Ei_2 of dimension 1 while 
Si and E2 of dimensions 2 and 3 respectively, consis- 
tently with the dimensions of C^'s stressed before. Sub- 



Hto {Di + 2D2H?o) ± ^2Dl + llDiOaJJg) + lODj instituting it into ^ we obtain: 



qsGi 



Di+6D2H^a 



Inserting in these expressions the definitions of Di , D2 
and Qs as functions of the parameters Ch and C^ (see 
equation (|29p ). we find that in the required intervals 



Si 
S2 



CiHto 
1 



(Ci 



47r 



211 there are no real solutions. 



Ch < 1 and < Cg < ^ 

Thus, condition (|AlOp cannot be satisfied and therefore 

stochastic effects from quantum fluctuations cannot stop 



2C2Hta + SCsiJjQ 

+ACiHf^ + 7CjHt^)^^. (B2) 



Thus, the solutions for Hi and H2 read: 



ffi(i) = /ii.e^o ^1 (*')''*' J 1 + 



G^/^hu Jo 
iJ2(i) = e^o-^(*')'^*' / H(i')i/i'e- ^0'"^ (*"'''*" di'. 



„(i')e-/o*'-i(*")'**"dt' 



(B3) 
(B4) 



where 



SiW = 


= Ci 


+ 2C2H, 


+ SCa^c 


+ 4C4i73 


+ TCri?,^ 


S2(t) = 


= Ci 


+ 2C2HC 


+ SCa-fff 


+ 4C47Jf 


+ 7C7HI 


n(t)- 


= ^2 


+ SCsi/c 


+ QCiHl 


+ 2\CtHI 


1 
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Following the procedure of appendix |X] we finally ob- 
tain: 



{H{t)).p = Hto + ^it + qdGT{H,{t))+qlGU{H2(t))+3J [{H,{t)H,{t')) - {H,{t)){H,{t')) 
= Hto + qdGih2, + Sit + qdGih2,{Ci + 2C2Htn + iC^H^ + AdHf^ + TCy-fffo)* 



dt' 



Therefore, requiring the stochastie fluctuations to be able 
to prevent the eternal inflation, we result to the con- 
straint: 

El > qdG3/i2,(Ci + 2C2Hto + iCsHfo + 'idH^o + ^CjHto) 
+qJGihUC2 + SCaHto + 6C4HI + 21C7H'io) 



Inserting the definition of S's from (|B2[) and of Ci's from 
[5i)) . we find that 



where 



rf < h2^ < ri 



(B5) 



Xq ± yxg + 4PoI]i 

2gdG3/4Po 



with 



^0 



- Ci + 2C2Hto 
C2 + iCsHto - 






to 



to 



' 4C4i?(Q -I- ICyH^q, 
21C'7^to- 



Relation (jBSP imposes tight constraints on the model pa- 
rameters. For example in the particular parameter choice 
/3 = V2, gs ^ 0, g = gn = 10^® of ^^ it does not ac- 
cept real solutions. Therefore, we conclude that on the 
double-screen model at hand, the stochastic effects can- 
not induce an exit from an eternal inflation caused by 
the background evolution and thermal fluctuations, un- 
less one tunes the model parameters accordingly. 
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